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ABSTRACT

Electrochemical oxidation of serotonin (SN) onto zinc oxide (ZnO)-coated glassy carbon electrode (GCE)
results in the generation of redox mediators (RMs) that are strongly adsorbed on electrode surface. The
electrochemical properties of zinc oxide-electrogenerated redox mediator (ZnO/RM) (inorganic/organic)
hybrid film-coated electrode has been studied using cyclic voltammetry (CV). The scanning electron
microscope (SEM), atomic force microscope (AFM), and electrochemical techniques proved the immobi-
lization of ZnO/RM core/shell microparticles on the electrode surface. The GCE modified with ZnO/RM
hybrid film showed two reversible redox peaks in acidic solution, and the redox peaks were found to
be pH dependent with slopes of —62 and —60 mV/pH, which are very close to the Nernst behavior.
The GCE/ZnO/RM-modified electrode exhibited excellent electrocatalytic activity toward the oxidations
of ascorbic acid (AA), dopamine (DA), and uric acid (UA) in 0.1 M phosphate buffer solution (PBS, pH
7.0). Indeed, ZnO/RM-coated GCE separated the anodic oxidation waves of DA, AA, and UA with well-
defined peak separations in their mixture solution. Consequently, the GCE/ZnO/RMs were used for simul-
taneous detection of DA, AA, and UA in their mixture solution. Using CV, calibration curves for DA, AA, and
UA were obtained over the range of 6.0 x 107 to 9.6 x 107*M, 1.5 x 10> to 2.4 x 107*M, and
5.0 x 107> to 8 x 10~* M with correlation coefficients of 0.992, 0.991, and 0.989, respectively. Moreover,

ZnO/RM-modified GCE had good stability and antifouling properties.

© 2008 Elsevier Inc. All rights reserved.

Zinc oxide (ZnO)! plays an important role in a wide range of
applications because it is an n-type semiconductor with wide band
gap energy of 3.3 eV and it shows superior optical transparency in
the visible region. Furthermore, nontoxic ZnO has good environmen-
tal acceptability, is inexpensive, has biocompatibility material, and is
plentiful. ZnO is an important optoelectronic material and has been
used in a wide range of applications such as solar cells, piezoelectric
element, pharmaceuticals, paints, ceramics, surface acoustic wave
element, and sensors [1-11]. Alternatively, conjugate polymers have
been combined with n-type inorganic semiconductor nanoparticles,
and such hybrid polymer/inorganic nanocomposite materials may
combine the advantages of polymer semiconductors and high elec-
tron mobility of inorganic semiconductors [12-14].

Dopamine (DA) is an important neurotransmitter molecule of
catecholamines that is widely distributed in the mammalian cen-
tral nervous system for message transfer. Hence, it has been of
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1 Abbreviations used: ZnO, zinc oxide; DA, dopamine; AA, ascorbic acid; UA, uric
acid; GCE, glassy carbon electrode; PGE, pyrolytic graphite electrode; SN, serotonin;
RM, redox mediator; SEM, scanning electron microscope; AFM, atomic force
microscope; ITO, indium tin oxide; TAD, tryptamine-4,5-dione; DHT, 4,5-dihydroxy-
tryptamine; PBS, phosphate-buffered saline; CV, cyclic voltammetry; DOQ, dopa-
mine-o-quinone; LOD, limit of detection; RSD, relative standard deviation.
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interest to neuroscientists and chemists. Loss of DA-containing
neurons may result in some serious diseases such as Parkinsonism
[15-18]. Therefore, determination of the concentration of this neu-
rochemical is an important task. The fact that DA and other cate-
cholamines are easily oxidizable compounds makes their
detection possible by electrochemical methods. A major problem
of electrochemical detection of DA in real biological matrices is
the coexistence of many interfering compounds. Among these,
ascorbic acid (AA) is of particular importance. For example, in the
extracellular fluid of the central nervous system, this species is
present in very high concentrations (100-500 uM) [19,20]. Uric
acid (UA) is the primary end product of purine metabolism. Abnor-
mal levels of UA are symptoms of several diseases such as hyper-
uricemia, gout, and Lesch-Nyan disease [21]. Other diseases,
such as leukemia and pneumonia, are also associated with en-
hanced urate levels [22]. Moreover, at nearly all bare electrodes,
DA, AA, and UA get oxidized at nearly the same potential, resulting
in overlapped voltammetric response.

To overcome the above obstacles, the development of modified
electrodes for the detection AA, DA, and UA are reported by mod-
ifying bare glassy carbon electrode (GCE), platinum, and gold
electrodes [20,23,24]. During recent years, substantial efforts have
been devoted to the development of electrochemical sensors
based on electrodes modified by electrosynthesized polymeric
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films. Polymeric films of 3-methylthiophene, aniline, and pyrrole
are reported as being useful in the selective detection of DA in ex-
cess of AA [25,26]. Poly(cresol red)-modified electrodes [27] and
poly(bromophenol blue)-modified electrodes [28] are used to de-
tect AA and DA. It has been reported that electrode covalently
modified with poly(vinyl alcohol) [23] and poly(chromotrope
2B)-modified electrodes [29] are useful for simultaneous determi-
nation of AA, DA, and UA. Ruthenium oxide-modified electrode
could attain simultaneous determination of AA and DA in the
presence of UA [30]. Recently, poly(4-amino-1-1’-azobenzene-
3,4'-disulfonic acid)-coated electrode for selective detection of
DA in the presence of UA, AA, and NADH [31], poly(eriochrome
black T)-modified GCE [32], poly(acrylic acid)-multiwalled carbon
nanotube composite-covered GCE [33], PtAu hybrid film-modified
electrode [34], pyrolytic graphite electrode (PGE) modified into
DA solution [35], and carbon ceramic electrode prepared by
sol-gel technique [36] have been reported for simultaneous
determination of AA, DA, and UA.

In this article, we report for the first time the electrochemical
oxidation of serotonin (SN) on ZnO-coated electrode. Surface char-
acterizations and electrochemical properties were studied. It was
found that GCE/ZnO/redox mediator (RM)-coated electrode has
excellent electrocatalytic properties toward AA, DA, and UA in neu-
tral buffer solution. Here ZnO/RM hybrid film-coated electrode was
successfully employed for simultaneous determination of DA, AA,
and UA in their mixture solution.

Materials and methods

All chemicals and reagents used in this work were of analytical
grade and used as received without further purification. 3-(2-Ami-
noethyl)-5-hydroxyindole hydrochloride, dopamine hydrochloride
(purity 98%), and UA (purity 99%) were purchased from Sigma-Al-
drich (St. Louis, MO, USA). Sulfuric acid (purity 95%) and sodium
hydroxide (purity 93%) were purchased from Wako Pure Chemicals
(Osaka, Japan). AA (purity 99%), sodium acetate, potassium nitrate,
zinc nitrate, and sodium dihydrogen phosphate were obtained
from E-Merck (Darmstadt, Germany). The aqueous solutions were
prepared by using doubly distilled deionized water, and before
each experiment the solutions were deoxygenated by purging with
prepurified nitrogen gas.

Electrochemical measurements were performed with a CH
Instruments (Austin, TX, USA) model 400 potentiostat with con-
ventional three-electrode cell. A BAS glassy carbon and platinum
wire were used as the working electrode and auxiliary electrode,
respectively. All of the cell potentials were measured with respect
to an Ag/AgCl [KCI (sat)] reference electrode. Amperometric studies
were performed with a bi-potentiostat model CHI750A (CH Instru-
ments) having an analytical rotator model AFMSRK with MSRX
speed control (Pine Instruments, USA). A Hitachi Scientific Instru-
ments (London, UK) model S-3000H scanning electron microscope
(SEM) was used for surface image measurements. The atomic force
microscope (AFM) images were recorded with a multimode scan-
ning probe microscope system operated in tapping mode using a
model CSPM4000 instrument (Ben Yuan, Beijing, China). Vitamin
C tablets (500 mg) and dopamine hydrochloride injection were
purchased from a local drug store in Taipei, Taiwan. All experi-
ments were carried out at room temperature.

Modified electrode preparation

Prior to the electrode modification, the GCE was mechanically
polished with alumina powder (Al,05, 0.05 um) to a mirror finish
and ultrasonicated in distilled water for 5 min. Then GCE was elec-
trochemically activated by using 10 times cyclic potential sweeps

in the range of -0.5 to 2.0 V in 0.1 M nitric acid solution at a scan
rate of 50 mV s~'. Indium tin oxide (ITO)-coated glass substrates
were cleaned by using detergent (Palmolive dishwashing liquid
and antibacterial hand soap) and diluted hydrochloric acid and
then finally were rinsed with distilled water.

ZnO films were deposited onto GCE or ITO electrode from the
bath solution containing 0.1 M KNO3; and 0.1 M Zn(NOs),, as re-
ported previously [37-39]. The electroprecipitation of ZnO thin
films from nitrate bath was followed by the following reactions:

NO, +H,0+2e  — 2NO; +20H" (1)
Zn** +20H — Zn(OH), — ZnO + H,0 2)
Zn** £+ NO;~ +2e~ — ZnO +NO,~ (3)

For the preparation of ZnO/RM composite-modified electrode, the
GCE/ZnO electrode was cycled in 0.5 mM SN monomer solution un-
der the same conditions as in the electrode activation procedure.
The as-prepared light blue-colored films were smooth and strongly
adherent to the electrode substrates. Subsequently, the modified
electrode was rinsed thoroughly with distilled water and then dried
in air for 30 min at room temperature. For comparison, GCE/ZnO
and GCE/RM electrodes were prepared to investigate their electro-
chemical properties toward the analytes under investigation.

Results and discussion

Electrochemical preparation of ZnO/RM hybrid film-coated electrode
and its electrochemical properties

Fig. 1 depicts the electrochemical oxidation of SN onto GCE/
ZnO-modified electrode. As can be seen in cyclic voltammograms,
on the first anodic scan, irreversible oxidation peak (P,;) was ob-
served at a peak potential of approximately 0.65 V due to the oxi-
dation of SN monomers [40]. On scan reversal, a cathodic wave
(Pc1) centered at —0.12 V was observed. On the second and subse-
quent potential scans, two additional anodic peaks (P, =+0.19V
and P,3=+1.2 V) and a new cathodic peak (Pc; =0.15 V) were ob-
served. After the fifth cycle, in addition to P,3, a broad current
shoulder at a potential of +1.60 V appeared. This type of observa-
tion was previously reported for polyazine by Ivanova and Karya-
kin [41], who suggested that a permanent increase in the current
of monomer irreversible oxidation indicates both the catalytic

Fig. 1. Electrochemical oxidation of SN onto ZnO-coated GCE from the electrolyte
0.1 M HNOj; solution containing 0.5 mM SN monomers. Scan rate = 50 mV/s. The
inset shows the magnification image of RM film growth.
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properties of the resulting electrode coverage and its electronic
conductivity. This significant improvement of monomer oxidation
in the course of film growth is the property of highly conductive
polymers such as polypyrrole and polyaniline.

Then larger peaks were observed in Fig. 1 on continuous scan-
ning, reflecting the continuous adsorption of the oxidation prod-
ucts on the electrode surface. The inset of Fig. 1 shows the high
magnification image of RM film growth onto the electrode surface.
These facts indicated that RMs were deposited onto the surface of
ZnO-modified GCE by electrooxidation. Thereafter, RM-modified
GCE was thoroughly washed with doubly distilled water and dried
in air for 30 min. Uniform adherent light blue color films were seen
on the surface of ZnO-modified GCE. Electrochemical oxidation of
SN at 2.0V in acidic solution results in the generation of the RM
5,5'-dihydroxy-4,4’-bitryptamine on the ZnO films. Initially, a reac-
tive carbocation is formed and either undergoes nucleophilic at-
tack by water or reacts with SN-forming dimers and trimers [40].
The electrogenerated products have a redox-active quinone-imine
structure [40,42,43]. Wrona and Dryhurst reported that all oxida-
tion products of SN are cationic and soluble in phosphate buffer
and have a high affinity for adsorption on carbon electrode [40].
However, visible accumulation of insoluble light blue color films
on the electrode surface strongly indicated that RMs were ad-
sorbed in this case.

Fig. 2 shows the cyclic voltammograms of GCE/ZnO/RMs in
blank aqueous acidic solution (pH 1.5). Two pairs of reversible re-
dox peaks were observed at formal potentials E =+0.2V and
E,® =+0.36 V. These redox peaks (1 and 2) are ascribed to the re-
dox reaction of electrogenerated tryptamine-4,5-dione (TAD) and
4,5-dihydroxytryptamine (DHT), respectively [40,42]. As shown
in Fig. 2, the anodic and cathodic peak currents of peaks 1 and 2
were linearly dependent on scan rate with the linear equation of
Ia1 and Ip,;, as shown in the inset of the figure, and the ratio of
anodic peak current to cathodic peak current (Ip/Ipc) was nearly
equal to unity (see inset).

The separations of peak potentials (AE,) for two redox peaks
were 12 (peak 1) and 32 (peak 2) at a low scan rate (20 mV/s).
For an ideal system, AE, should be zero; however, this is not the

Fig. 2. Cyclic voltammograms of GCE/ZnO/RM-coated electrode in 0.1 M HNO; at
different scan rates. The scan rates from inner to outer are 0.02, 0.04, 0.06, 0.08,
0.10,0.12,0.14,0.16, 0.18, and 0.20 V/s. The inset shows the plot of I,, and I;,c versus
the scan rate for peaks 1 and 2.

usual case for most of the modified electrodes reported so far
[44]. This nonzero AE, may arise due to the interfacial salvation
or slow electron transfer kinetics. With an increasing scan rate,
AE, would not be changed up to 200 mV/s (Fig. 2). The above re-
sults suggested that an electrochemical response of the GCE/ZnO/
RMs is anticipated for a surface-confined redox process [45].
Therefore, the peak currents could be correlative with scan rate
by the following equation [46]:

I, = n?F*AT'v/4RT (4)

where I represents the surface coverage concentration (mol/cm?),
v is the scan rate, A (0.0707 cm?) is the electrode surface area, and
I, is the peak current. The slopes of anodic peak current against scan
rate for peaks 1 and 2 were —0.183 and —0.112V, respectively.
Thus, the calculated surface concentrations of peaks 1 and 2 were
2.5104 x 1071° and 1.6719 x 10~ '° mol/cm?, respectively, further
confirming the immobilized state of the RMs on the electrode
surface.

The effect of pH value of the supporting electrolyte solution on
the electrochemical response of GCE/ZnO/RM film-modified elec-
trode was also investigated. With respect to the pH of the support-
ing electrolyte, both of the reversible redox peaks were shifted
negatively (Fig. 3). The formal potentials (E) linearly depended
on pH value varying from 1 to 12 with slopes of —62 mV/pH (peak
1) and -60 mV/pH (peak 2), indicating that the total numbers of
electrons and protons taking part in the charge transfer were the
same (see inset of Fig. 3). Collectively, the electrode reactions of
the GCE/ZnO/RMs are presented in Scheme 1 (Egs. 5 and 6)
[40,42,43].

SEM and AFM analysis

SEM images were taken on ZnO/RM film-coated ITO electrode,
as shown in Fig. 4A. Core/Shell-like particles were observed, and
the approximate size of the particles was found to be in the range
of 1 to 2 um. The inset of Fig. 4A shows the high magnification im-
age of a single core/shell particle, and the particle size was approx-
imately 2 um. Fig. 4B shows the AFM image of ZnO/RM-coated
electrode that corresponds to two-dimensional images and is re-
corded over an area of 20,000 x 20,000 nm. From AFM studies,

Fig. 3. Cyclic voltammograms of GCE/ZnO/RM-coated electrode in different pH
values: (a) 12.0; (b) 7.0; (c) 1.5. Scan rate = 50 mV/s. The inset shows Es a function
of pH for peaks 1 and 2.
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Scheme 1. Redox reactions of electrogenerated mediators.

Fig. 4. SEM (A) and AFM (B) images of ZnO/RM-coated electrode. The inset in panel A shows a high-magnification image of single core/shell particle.

the ZnO/RM core/shell particle sizes were found to be in the range
of 1 to 2 pum. The approximate film thickness of the ZnO/RMs was
also found to be 450 + 20 nm. When the AFM image was compared
with the SEM image, the irregular surface coverage was seen more

in the SEM image than in the AFM image because of the larger sur-
face area used for SEM measurements (three times bigger than
AFM scale). Based on SEM and AFM studies, we confirmed the
ZnO/RM core/shell particles on the electrode surface.
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Electrocatalytic oxidation of DA

Fig. 5 shows the cyclic voltammograms of 60 ptM DA in phos-
phate-buffered saline (PBS, pH 7.0) at a GCE/ZnO and a GCE/ZnO/
RMs. At a GCE/ZnO, an anodic peak was observed with an oxidation
peak potential of 0.23 V, a reduction peak potential of 0.11 V (curve
a’), and a peak separation (AE,) of 120 mV. Under the same condi-
tions, the GCE/ZnO/RMs gave highly enhanced redox peak currents
and a more reversible electron transfer process to DA. A well-de-
fined and stable redox wave of DA was observed, with anodic
and cathodic peak potentials of 0.19 and 0.17 V, respectively (curve
b). The separation of peak potentials (AE,) at the GCE/ZnO/RMs
was 20 mV, in accordance with Nernst reversible behavior, and
identified that the number of electrons involved in the reaction
was approximately 2. An intensive increase in DA peak current
was also observed owing to the improvement in the reversibility
of electron transfer process due to the larger real surface area of
the GCE/ZnO/RMs. This suggests an efficient catalytic activity to-
ward DA at the GCE/ZnO/RMs. The effect of scan rate on the anodic
peak current (I,,) of DA was studied by cyclic voltammetry (CV).
With the scan rate increasing, the I, increased. Good linearity be-
tween the scan rate and I, was obtained within the range of 10 to
100 mV/s, suggesting a surface-confined process of DA on the mod-
ified electrode surface. The linear equation was I, (nA) =-0.18x -
1.63 (r* =0.998). The effects of pH on the E,, and peak currents
were examined by CV in the presence of 50 tM DA in aqueous buf-
fer solution with increasing pH from 2.0 to 10.0. The E,, shifted
negatively and was linearly dependent on pH, with the slope of -
60 mV/pH indicating that the proportion of electrons and protons
involved in the redox reaction of DA was 1:1 and that the oxidation
of DA at GCE/ZnO/RM-modified electrode had been inferred to be a
double electron transfer reaction. It could also be observed that
both the oxidation and reduction peak currents obtained a maxi-
mum at pH 7.0. Although pH was below 7.0, the NH, group of qui-
none-imine structure could form NH;5* cations and exclude the DA
positive ions. However, an increase in pH of the electrolyte above
7.0 decreased DA oxidation peak currents. Hence, pH 7.0 was cho-
sen as the optimum pH for the electrocatalytic oxidation of DA at
the GCE/ZnO/RMs.

It has been reported that positively charged mediators such as
quinone-imine structure are efficient catalysts for electrocatalytic

Fig. 5. Cyclic voltammograms of GCE/ZnO/RM-coated electrodes in 0.1 PBS (pH 7.0)
containing DA =0.0 uM (a); 60 uM (b); 60 pM with GCE/ZnO electrode (a’). Scan
rate =20 mV/s.

oxidation of NADH [47-49]. In the current investigation, we found
that the quinone-imine structure of RMs can be useful for effective
electrocatalytic oxidation of DA in neutral condition. According to
the above discussion, the mechanism of DA oxidation at this mod-
ified electrode could be described as in Scheme 2. During oxidation
of DA on RM film (DHT peak), DA undergoes a two-electron oxida-
tion process resulting in dopamine-o-quinone (DOQ) (Eq. 7).

Effect of interferences on electrode response

AA and UA are the most important interferences in biological
samples. Moreover, at bare electrodes, the oxidation of AA and
UA occurred at a potential close to that of DA. Therefore, it is very
important to measure the DA without interferences. To test these
interferences, we analyzed the phosphate buffer solution (pH 7.0)
in the presence of 60 pM DA, 150 uM AA, and 150 pM UA using
GCE/ZnO/RM-coated electrode. Interestingly, as can be seen in
Fig. 6 (curve b), three separate anodic oxidation peaks were identi-
fied with the well peak separation. The anodic oxidation potentials
were 0.02, 0.184, and 0.31 V for AA, DA, and UA, respectively. The
peak-to-peak separations between AA and DA and between DA
and UA were 160 and 130 mV, respectively.

As can be readily seen in Fig. 6, the DHT redox peak efficiently
mediates the oxidation of AA according to Scheme 2 (8). An enor-
mous increase in the anodic peak current associated with a de-
crease in the cathodic peak was observed, demonstrating the
strong electrocatalytic effect of the mediator. The oxidation poten-
tial of AA was 60 mV lower than the E of DHT redox peak, sug-
gesting the highly efficient nature of the mediator. In this case,
the electrogenerated redox mediator would be positively charged
at the experimental condition used [40,42]. Because DHT is posi-
tively charged and has a quinone-imine structure, it showed an
excellent catalytic effect toward AA.

ZnO/RM-modified electrode greatly enhanced the anodic peak
currents of AA, DA, and UA. This dual behavior may arise due to
the hydrophilic and hydrophobic nature of the RM film. It was
established that poly(pyrrole) and poly(3,4-ethylenedioxythio-
phene) films have oxidized and reduced regions on their surface
[50-53]. Reduced regions are hydrophobic and oxidized regions
are hydrophilic in nature for the case of poly(3,4-ethylenedioxy-
thiophene) [53]. The same behavior is expected for RM film, and
this behavior may be responsible for simultaneous separation of
AA and DA. Reduced regions on polymer surface may act as sites
for oxidation of DA and UA molecules as described in Scheme 2
(Egs. 7 and 9). As we expected, GCE/ZnO-coated electrode failed
to do the same (curve c in Fig. 6). Based on this result, it may be
possible to use GCE/ZnO/RM-coated electrode for simultaneous
detection of AA, DA, and UA in neutral condition.

To ascertain the contribution of ZnO particles in this modified
electrode, the electrocatalytic oxidation of 6 pM DA and 15 uM
AA was examined using GCE/RM- and GCE/ZnO/RM-modified elec-
trodes in PBS (Figs. 7AB). As expected, when compared with GCE/
RMs, the catalytic current increased by 13 and 15% for AA and
DA, respectively, on GCE/ZnO/RM-modified electrode, clearly indi-
cating effective catalytic oxidation reactions of AA and DA on hy-
brid film-modified electrode. The increase in oxidation current in
the presence of ZnO particles is attributed to the larger surface area
and fast electron transfer kinetics of ZnO. Oxide particles are pos-
itively charged in neutral pH because of its high isoelectric point
(9.5) [54,55], favoring weak adsorption of AA on ZnO particles. In
addition, the reversibility of TAD and DHT redox systems is greatly
enhanced on the surface of ZnO film because of its good semicon-
ducting properties (Fig. 7). The larger surface area of ZnO particle-
modified electrode may help the strong adsorption of oxidation
products of SN, and its good semiconducting properties helped to
achieve more reversibility and a higher number of active sites on
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Scheme 2. Electrochemical oxidation reactions of DA, AA, and UA at ZnO/RM film-modified electrode.

the electrode surface, which results the higher catalytic currents
for AA and DA. For these reasons, we prepared GCE/ZnO/RM hybrid
film and used it for electroanalysis of AA, DA, and UA.

Simultaneous detection of DA, AA, and UA

The next attempt was taken to detect DA, AA, and UA simulta-
neously by using the GCE/ZnO/RM hybrid film-coated electrode.
The CV results showed that the simultaneous determination of DA,
AA, and UA could be possible at the GCE/ZnO/RM electrode. Under
the optimized conditions, the CV curves of GCE/ZnO/RMs were ob-
tained in 0.1 M PBS containing various concentrations of AA, DA,
and UA, as shown in Fig. 8. The presence of ZnO/RM film on the
GCE resolved the mixed voltammetric responses into three well-de-
fined voltammetric peaks at potentials 20, 184, and 313 mV, corre-
sponding to the oxidation of AA, DA, and UA, respectively. The
separation among the three peak potentials is sufficient for the
simultaneous determination of AA, DA, and UA. In addition, a sub-

stantial increase in peak currents was observed due to the improve-
ments in the reversibility of the electron transfer processes. From the
data obtained from Fig. 8, the calibration curves for AA, DA, and UA
were linear for the whole concentration range investigated
(1.5 x 107> to 2.4 x 107* M for AA, 6 x 107 to 9.6 x 10~* M for
DA, and 5 x 107> to 8 x 10~* M for UA) with the correlation coeffi-
cients 0.991, 0.992, and 0.989, respectively.

To investigate the degree of interferences on the peak current of
DA, cyclic voltammograms were recorded in 0.1 M PBS containing
60 uM DA in the absence of 150 uM AA (curve a in Fig. 9) and the
presence of 150 M AA (curve b in Fig. 9). In the presence of AA, the
anodic peak current of DA was increased approximately 6% with-
out a distinct change in oxidation potential. For the case of UA,
the DA peak current was increased up to 3%. As can be seen in
Fig. 9, three independent oxidation waves emerged for AA, DA,
and UA at ZnO/RM-coated electrode. Based on our experimental re-
sults, the partial overlapping of AA with DA oxidation peak is insig-
nificant for determination of DA.
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Fig. 6. Cyclic voltammograms were recorded in PBS (pH 7.0) using GCE/ZnO/RM
electrode in 0.0 pM (a); 60 uM DA, 150 uM AA, and 150 uM UA (b); and GCE/ZnO-
coated electrode with 60 uM DA, 150 uM AA, and 150 uM UA (c).

Fig. 7. Cyclic voltammograms were recorded using GCE/RMs (curve a) and GCE/
ZnO/RMs (curve b) in 0.1 M PBS containing 6 tM DA (A) and 15 uM AA (B). Curve a’
was obtained for both DA and AA using GCE/ZnO-coated electrode. Scan
rate =50 mV/s.

Fig. 8. Cyclic voltammograms of GCE/ZnO/RMs in PBS (pH 7.0) containing different
concentrations of AA, DA, and UA: (a) 0.0 uM; (b-q) each addition increased 6 uM
DA, 15 uM AA, and 50 uM UA.

Fig. 9. Cyclic voltammograms were recorded using GCE/ZnO/RMs in 0.1 M PBS
containing 60 uM DA (curve a), 60 uM DA+ 150 uM AA (curve b), and 60 uM
DA +150 uM AA + 500 pM UA (curve c).

Amperometric determination of DA

The amperometric response of the GCE/ZnO/RMs for the mea-
surements of DA was examined. The amperograms were obtained
in a series of concentrations of DA at fixed 0.25 V, and the obtained
results are shown in Fig. 10. On the addition of 6 M DA, the GCE/
ZnO/RMs respond favorably to each of the additions, yielding stea-
dy-state signals within 5 s. These data indicate that this new mod-
ified electrode has higher electrocatalytic activity toward DA
oxidation. A calibration curve of current (I) versus concentrations
(c) for DA was obtained at this modified electrode. The dependence
of current response on the concentration of DA was linear in the
range from 6 x 107%to 1.2 x 10~# M (see inset of Fig. 10); after this
linear range, the current signal starts to show signs of saturation.
The calibration curve was obtained with the linear regression
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Fig. 10. Amperograms of GCE/ZnO/RMs in PBS (pH 7.0) with increasing DA
concentrations in the range from 6 to 120 pM. Applied potential = 0.25 V The inset
shows I, versus DA concentrations.

equation of I, (nA) =0.254x - 0.111 with a good correlation coef-
ficient of r = 0.9998. The detection limit (signal/noise = 3) was esti-
mated to be 0.5 pM. This amperometric method is not useful for
the detection of DA in real samples in the presence of AA. But from
the experimental data, one can see that reproducible and stable
analytical signals can be obtained for determination of DA at
GCE/ZnO/RM hybrid film-coated electrode (Fig. 10).

The pH used, linear range, and detection limit of various elec-
troanalytic methods proposed for simultaneous determination of
AA, DA, and UA are compared with our analytical data in Table
1. From the data shown, a lower limit of detection (LOD)
[23,32,34,35] and wide linear range for the detection of AA can
be achieved using the proposed method. A lower LOD [23,34]
and wide linear range for the detection of DA is possible using
ZnO/RM hybrid film-coated electrode [23,32,33,35,36]. A lower
LOD [34,36] and wide linear range for UA detection is demon-
strated using our proposed method [23,32-36]. Our results are
good comparable with existing methods for the detection of AA,
DA, and UA, and this new method can be useful for electroanaly-
sis of AA, DA, and UA.

Electroanalysis of real samples

We tested the real applicability of ZnO/RM hybrid film-coated
electrode for the determination of AA in commercially available
vitamin C tablets, DA in dopamine hydrochloride injection, and
UA in spiked samples. An accurately weighed vitamin C tablet
was finely powdered, and 100 mg of tablet powder was dissolved
in 25 ml of distilled water and ultrasonicated for 5 min to make
homogeneous solution. 1 ml of AA tablet solution was mixed with
9 ml of 0.1 M PBS and used for investigation by CV. The obtained
results are presented in Table 2. DA injection was diluted with dou-
bly distilled water, and then a portion of diluted solution was
mixed with 0.1 M PBS and analyzed using ZnO/RM hybrid film-
coated electrode in CV (Table 3). To test the degree of interference
on the analytical signal of UA, the known amount of UA solution
was spiked in DA injection solution. Thereafter, the spiked sample
was analyzed in 10 ml of 0.1 M PBS using the proposed method. In

Table 1

Comparison of electroanalytic methods proposed for determination of AA, DA, UA

Reference

[Dopamine] [Uric acid]

[Ascorbic acid]

pH used

Modified electrode

Detection limit(pM)

0.6

Linear range(pM)

2-50

Detection limit(ptM)

Linear range(pM)

2-70

Detection limit(pM)

7.6
10

Linear range(pM)

10-250

[23]

1.4
0.02

7.0
4.0

Poly(vinyl alcohol) covalently modified GCE

Poly(eriochrome black T)/GCE

[32]

1.0

10-130

0.1-200

150-1000

Poly(acrylic acid)-multiwalled

[33]

110 nM

0.3-10
21

20 nM

103
0.11

0.1

0.04-3

74
4.0

carbon nanotube composite-covered GCE
PtAu hybrid film-modified GCE

DA-modified PGE

[34]

21-336
2.5-20

103-1650
1-20
0.5-20
6-960

24
13
0.1

24-384
25-500
0.5-20

[35]

14

10.0
5.0

7.0

[36]

10-200
50-800

Sol-gel carbon ceramic composite electrode

ZnO/RMs hybrid film-coated GCE

This work

4.5

0.7

1.4

15-240
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Table 2

Results for the determination of AA in commercial tablets

Vitamin C tablet sample Labeled value(mg) Proposed method*(mg) RSD(%) Recovery(%)
A 500 497.28 2.93 99.46

B 500 501.82 2.57 100.36

C 500 503.18 1.86 100.64

2 Each value is an average of three replicate determinations.

Table 3
Determination of DA in injection

Tested sample Added (pg/ml) Found® (pig/ml) RSD (%) Recovery (%)
A 40 39.14 3.42 97.85
B 40 40.57 2.46 101.43
C 40 40.83 2.18 102.08

¢ Each value is an average of three replicate determinations.

Table 4
Determination of UA in spiked samples

Tested sample Added (pg/ml) Found?® (pg/ml) RSD (%) Recovery (%)
A 40 39.14 3.42 97.85
B 40 40.57 2.46 101.43
C 40 40.83 2.18 102.08

2 Each value is an average of three replicate determinations.

real-sample experiments, the concentration of unknowns was cal-
culated using the standard addition method. The obtained analyt-
ical data are given in Table 4. From the real-sample analysis, the
precision and reliability of the proposed method are good. In addi-
tion, the recovery ratio on the basis of this method was investi-
gated, and the values are provided in Tables 2 to 4. The
recovered ratio indicates that the determination of AA, DA, and
UA using the ZnO/RM hybrid film-coated electrode is effective
and can be applied for their detection in real samples.

Stability and reproducibility of ZnO/RM-coated electrode

The stability of the GCE/ZnO/RM-coated electrode was investi-
gated by measuring the current responses to 100 uM DA after
every few days stored at 5 °C in PBS (pH 7.0). After 6 weeks, the re-
sponse currents of the ZnO/RM-coated electrode decreased gradu-
ally to 85% of the initial values. The relative standard deviation
(RSD) of nine measurements of 100 pM DA with the same GCE/
ZnO/RM-coated electrode was 3.6%. Furthermore, the stability of
GCE/ZnO/RM electrode was examined by successive potential cy-
cling between -0.4 and 0.4 V at a scan rate of 0.1 V s~!. Under con-
tinuous potential sweeping, an insignificant decay in the peak
currents was observed during the initial cycles (2% for first 50 cy-
cles), and the rate of current decrease then decreased (5% after 600
cycles). It can be observed that the electrode current remained sta-
ble on continuous cycling of even more than 600 cycles. Also, the
electrode was found to be reproducible after the DA oxidation,
indicating that surface fouling was not observed with the modified
electrode. These results suggested that GCE/ZnO/RMs have long-
term stability and that reproducible analytical signal can be ob-
tained. In addition, the proposed modified electrode can be pre-
pared within 30 min, so it can be prepared easily.

Conclusions

We have reported a new modified electrode, GCE/ZnO/RMs, for
simultaneous detection of AA, DA, and UA. SEM and AFM images of

ZnO/RM film revealed that core/shell-like particles were obtained
and that the surfaces are well microstructured. The GCE/ZnO/RM
electrode acted as a sensor and displayed good electrocatalytic
activity toward AA, DA, and UA. The GCE/ZnO/RM electrode used
for simultaneous measurements of AA, DA, and UA were in the
ranges from 1.5 x 107> t0 2.4 x 1074 M, 6 x 10°°t0 9.6 x 1074 M,
and 5 x 107> to 8 x 10~* M, respectively. This is a very simple
method for electrode fabrication and can be very useful for detec-
tion of DA, AA, and UA in physiological solution.
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